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I. INTRODUCTION
Pd is one of the extensively studied materials for hydrogen storage and gas sensor. [1] [2] [3] [4] [5] After adsorption on Pd surface, a hydrogen molecule dissociates into two hydrogen atoms and then diffuses into the volume of Pd. With increasing hydrogen absorption, H atoms not only occupy the interstitial sites of the Pd crystalline lattice (a phase) but also expand the Pd lattice up to 2%-3% (b phase). [7] [8] [9] Eventually, Pd has been shown to have capability of absorbing hundreds of times its volume of hydrogen. 6 The huge amount of hydrogen occupation in the Pd volume can drastically change many physical properties of the material. For example, many studies have reported the significant variation of mass, electronic structure, conductivity, and optical properties caused by hydrogen absorption. Furthermore, when the Pd thin film or nanostructure is combined with another functional materials, the response of the functional materials to the proximity effect from the cyclic hydrogenation of Pd is of great interest for fundamental studies and future applications. 7, 10, 11 In this report, we focus on the combination of a Pd capping layer with a magnetic Fe thin film. Hydrogenation of the Pd layer changed the optical properties of Pd and correspondingly the magneto optical (MO) properties as well. Previously, Lederman et al. have reported on the hydrogen-induced enhancement of MO properties. 4 In their report, $50% enhancement of MO signal was observed in Pd/Fe bilayers on Al 2 O 3 (110), while no obvious effect was observed in Pd/Co system. 4 In 2009, Valev et al. also reported $13% enhancement of Kerr rotation in mixed Fe and V nanoclusters. However, there are still many key questions which need to be answered. For example, how do the Kerr rotation and reflectivity simultaneously change with hydrogen absorption? How does the hydrogen absorption-induced effect vary with the Pd thickness? Why is the hydrogen absorptioninduced MO signal change unobvious to observe in some Pd capped magnetic materials? In this experiment, the timedependent and reversible enhancement of MO effect was observed in n ML Pd/Fe bilayers after hydrogen exposure. The hydrogen adsorption-induced change of MO properties, like Kerr rotation, extinction angle, and reflectivity was thoroughly investigated. The analysis method, especially the choosing of analyzer angle, is shown to be crucial to the observation of Kerr intensity enhancement.
II. EXPERIMENT
The Pd/Fe bilayers were deposited on a substrate of Al 2 O 3 (0001) at room temperature (RT), using e-beam heated evaporators in an ultrahigh vacuum (UHV) chamber with a base pressure of 3 Â 10 À9 Torr. 12 The deposition rates of Pd and Fe were calibrated from the epitaxial growth on Cu(100) by using Auger electron spectroscopy. Thus in this report, 1 ML is equivalent to the nominal surface atom density of Cu(100), that is, 1 ML ¼ 1:54 Â 10 15 atoms=cm 2 . The magneto optical Kerr effect (MOKE) was measured in a chamber, which is either filled with H 2 gas of different pressure or in a vacuum of 5 Â 10 À3 mbar. An x-ray diffractometer (XRD) with a Cu target was used to obtain the Bragg reflections from the samples for the characterization of crystalline structures.
III. RESULT AND DISCUSSION
A. Crystalline structure: XRD Fig. 1 Pd-Fe alloy at the interface. Because the atom size of Pd is larger than that of Fe, more Pd content in the Fe layer will lead to the expansion of Fe crystalline structure and the smaller diffraction angle as well. From the shift of Fe(110) peak, the lattice expansion of Fe crystalline structure can be estimated as %1%. . The reflected beam was detected by an analyzer, which was composed of a linear polarizer at a small angle u from the s axis and a photodiode. When the sample is magnetic, the reflected beam is no more purely p-polarized. Instead, it is composed of a p-component (E p ) and an s-component (E s ). 13 The intensity measured by the analyzer is
When the angle u between the polarizer and the s axis is small (<3 ),
Besides, the ratio of E s =E p can be expressed as h þ i, where h is the Kerr rotation and is the Kerr ellipticity. 13 Accordingly, the measured intensity can be expressed as a parabolic function of u.
The Kerr rotation h and Kerr ellipticity are changed with the magnetization of sample. Thus, if a sample is fully magnetized in the positive/negative magnetic field direction (þm and Àm), the intensity, as a parabolic function of u, will be changed as well. As listed in Eq. (4), the intensity changes with h 6m and e 6m , which are the Kerr rotation and Kerr ellipticity of the positively/negatively magnetized sample, respectively. Fig. 2 (b) exhibits an example of the MOKE measurement on 10 MLPd=30 MLFe=Al 2 O 3 (0001). The filled and opened circles are the reflected intensity of positively/negatively magnetized sample, measured as a function of analyzer angle u. The solid lines are the parabolic fitting cures using Eq. (4). The parabolic curves fit the experimental data very well. The switching of magnetization direction does not change the coefficient of u 2 . However, the coefficient of u and the constant terms which are composed of h 6m and e 6m will change with the magnetization direction of sample. The saturation Kerr rotation, defined as Dh ¼ ðh þm À h Àm Þ=2, can be obtained from the shift of the extinction (minimum) angle of the two parabola curves of 6m. Fig. 2(c) . The consistence between the experimental data and the solid fitting line proves the linear relation in Eq. (5). In convectional MOKE hysteresis loop measurement, the analyzer is fixed at a small angle u from the s axis. Then the Kerr intensity (DI ¼ I þm À I Àm ) is deduced from the signal difference between þm and Àm magnetization.
C. H 2 absorption effect on MOKE
Following the MOKE analysis in Sec. III B, Fig. 3 exhibits the MOKE analysis of n ML Pd/30 ML Fe bilayers measured in a vacuum of 5 Â 10 À3 mbar and in 1 atm H 2 . For 3 ML Pd/Fe, as shown in Fig. 3(a) , the extinction angle of u, indicated by the arrows, is invariant before and after H 2 exposure. In the lower panel of Fig. 3(a) , the Kerr intensity DIðuÞ ¼ ðI þm À I Àm Þ is also invariant with H 2 exposure. These observations indicate that hydrogen does not change the MOKE properties of 3 ML Pd/Fe. For 30 ML Pd/Fe, as shown in Fig. 3(b) , the extinction angle of u, indicated by the arrows, is clearly shifted by 0.45 after absorption of hydrogen. In the lower panel, the slope of Kerr intensity DIðuÞ is also slightly increased by hydrogen absorption, indicating the increase of saturation Kerr rotation Dh. For a thicker Pd capping layer of 60 ML, as shown in Fig. 3(c) , the extinction angle of u is shifted by 0.6 after hydrogen absorption. In the lower panel of Fig. 3(c) , the slope of Kerr intensity DIðuÞ is also remarkably increased after hydrogen absorption, implying the significant increase of saturation Kerr rotation Dh. Fig. 4 summarizes the analysis of hydrogen absorption effect on MOKE properties in various Pd thickness capped 30 ML Fe films. The extinction angle of analyzer u min , at which the detected intensity has the minimum value, the saturation Kerr rotation Dh ¼ ðh þm À h Àm Þ=2, the reflected p-component intensity jE p j 2 , and the Kerr intensity DI ¼ ðI þm À I Àm Þ are deduced by fitting a series of experimental data measured in a vacuum and in 1 atm H 2 , as shown in Fig. (3) , with the parabolic function of Eq. (4). In the left axis of Fig. 4(a) , the deduced saturation Kerr rotation in a vacuum, Dh vac , is plotted as a function of Pd thickness. Due to the limited probing depth of laser, Dh measured in a vacuum is reduced from 0.8 mrad to 0.15 mrad by increasing the Pd capping layer thickness from 3 ML to 60 ML. Despite of the decreasing Dh vac , the hydrogen absorption induced enhancement of Dh, defined as (Dh H 2 À Dh vac Þ=Dh vac , increases from 0% to 50% when the Pd thickness is increased from 3 ML to 60 ML. About the reflected p-component intensity jE p j 2 , as shown in the left axis of Fig. 4(b) , H 2 absorption leads to the reduction of $15 % when the Pd thickness reaches 45-60 ML. The right axis of Fig. 4(b) summarizes the shift of extinction angle u min after hydrogen absorption, which is also indicated by the arrows in Fig. 3 . The shift of u min drastically increases in 20-30 ML Pd, and saturates at 0.6 in 45-60 ML Pd. In conventional MOKE measurement for magnetic hysteresis loop, the analyzer angle u is fixed at some reasonable position (usually < 3 off the s axis). We measure the Kerr intensity DI ¼ ðI þm À I Àm Þ, which is the value of intensity change when the magnetization of sample is switched between the positive and negative magnetic field directions (6m). As shown in Eq. (5), the Kerr intensity DI depends on various parameters, including the reflected p-component intensity jE p j 2 , the saturation Kerr rotation Dh, and the chosen analyzer angle u. All of the three parameters are important in the investigation of H 2 absorption effect on MOKE. Take 60 ML Pd/Fe for example, the H 2 absorption causes 15% reduction of jE p j 2 , 50% enhancement of saturation Kerr rotation Dh, and 0.6 shift of extinction angle u min . The variation of u min causes the horizontal shift of the linear function Eq. (5). As shown in the lower panel of Fig. 3(c) , the linear function DIðuÞ H 2 is shifted toward the negative (counter clockwise) direction. Therefore, the linear functions of DIðuÞ vac measured in a vacuum and DIðuÞ H 2 measured in 1 atm H 2 do not have the same intercept in the u axis. Then the enhancement of Kerr intensity, ðDI H 2 À DI vac Þ=DI vac plotted in the right axis of the lower panel of Fig. 3(c) trickily varies with the analyzer angle u chosen in the experiment. In this sample of 60 ML Pd/Fe, the enhancement of Kerr intensity reaches 35%-40% when u is (þ1)-(þ2.5) degree clockwise off the extinction angle. However, in the range of u ¼ 0 À ðÀ1Þ degree, there is no clear enhancement of Kerr intensity (<610%). For u ¼ ðÀ1Þ À ðÀ2:5Þ degree, the enhancement is within 10%-20%. Similar tricky variation of Kerr intensity enhancement with u is also observed in 30 ML Pd/Fe, as exhibited in the lower panel of Fig. 3(b) . Fig. 5 summarizes the Kerr intensity enhancement as a function of Pd thickness, when different analyzer angle u was chosen. When u is set at (À2) À (À3) degree from the extinction angle in a vacuum, the Kerr intensity enhancement is small and within 620%, as shown in Fig. 5(a) . For u ¼ ðþ2Þ À ðþ3Þ degree, the Kerr intensity enhancement increases with Pd thickness and reaches $40% in 60 ML Pd. (Fig. 5(b) ) The above discussion and the experimental results of Fig. 5 point out that the analyzer angle u plays a critical and important role in the observation of H 2 -induced Kerr intensity DI enhancement. In some range of u, the H 2 -induced effect is unclear to observe, due to the shift of extinction angle. But if the analyzer angle u is properly chosen, the H 2 induced Kerr intensity enhancement is more obviously to observe. The time-dependence of H 2 absorption effect on MOKE was also investigated. In Fig. 6(a) , the normalized Kerr intensity DI H 2 is plotted as a function of the waiting time since the start of exposure to 1 atm H 2 . DI H 2 gradually increased and saturated at 1.4 times of the original Kerr intensity measured in a vacuum DI vac after $40 min of exposure time. The inset in Fig. 6 (a) exhibits a series of MOKE hysteresis loops measured at different waiting times. Except the enhancement of Kerr intensity, the characteristics of the hysteresis loops, including the coercivity field and squareness, are invariant with H 2 absorption. The next interesting question is how fast can the hydrogen desorbs from the Pd/Fe bilayer? Fig. 6(b) shows the time-dependent decay of Kerr intensity in a vacuum DI vac , while 60 ML Pd/Fe was fully hydrogenated at the beginning. First, the Kerr intensity quickly dropped to $86% of the initial value in 40 min. Then, the Kerr intensity decreased with a much slower rate. After a long waiting time of 500 min, the Kerr intensity decayed to 77% of the initial intensity. The tendency of the decaying Kerr intensity implies the reduction is still unsaturated. Some of the hydrogen atoms in the Pd lattice are hard to desorb. 17, 18 It actually took one day in a vacuum of 5 Â 10 À3 mbar for a fully hydrogenated 60 ML Pd/30 ML Fe bilayer to recover the original Kerr intensity before hydrogenation. The inset in Fig. 6 (b) also exhibits a series of MOKE hysteresis loops corresponding to the different timing. Again, except the decreasing Kerr intensity, the main characteristics of hysteresis loops are invariant. These observations indicate that H 2 adsorption does not affect the magnetization processes of magnetic films, and the MO enhancement should originate from H 2 -induced change of Pd optical properties. 6, [14] [15] [16] The above time-dependent experimental results indicate the fact that the absorption of hydrogen in Pd/Fe is completed within 40 min, and however, the desorption of hydrogen from Pd/Fe took a much longer time %1 day. The significant changes of Kerr intensity and other MOKE-related properties can be reversibly demonstrated by cyclic desorption and reabsorption of hydrogen.
IV. SUMMARY
The H 2 absorption-induced changes of magneto optical properties were investigated in n ML Pd/30 ML Fe bilayers grown on Al 2 O 3 (0001). The hydrogenation of 60 ML Pd/Fe in 1 atm H 2 leads to 50% enhancement of saturation Kerr rotation Dh, 15% reduction of p-component jE p j 2 reflectivity. The combination of Dh enhancement and jE p j 2 reduction results in 35%-40% enhancement of Kerr intensity DI ¼ ðI þm À I Àm Þ. Besides, hydrogenation of Pd/Fe also caused significant shift of extinction angle u min up to 0.6 , leading to the tricky variation of Kerr intensity enhancement with the different analyzer angle u. The reversibility of these significant changes was demonstrated by cyclic desorption and reabsorption of hydrogen with different response time. This study reveals the sensitive magneto optical response in the combination of a magnetic material (Fe) with the adjacent highly hydrogenated materials (Pd), and is valuable for future application. À3 mbar. The inset shows a series of MOKE hysteresis loops with decreasing intensity, measured at different timing. The lines are guides for the eye.
